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The impact of increased nutrient loadings on surface waters has drawn 
considerable attention in recent years.  Polluted drinking water, excessive algal growth, 
taste and odor issues, and fish kills are only a few of the negative effects that can result 
from an overload of nutrients.  As an example, Lakes Eucha and Spavinaw on Spavinaw 
Creek in northeast Oklahoma supply more than half of the drinking water for the cities of 
metropolitan Tulsa, Oklahoma.  Due to the overabundance of nutrient loading in the 
watershed, excess growth of algae has degraded the water quality of the lake. The cost of 
drinking water treatment and the taste and odor problems have increased significantly in 
the past decade. While nitrogen is a concern, phosphorous (P) is generally considered the 
most limiting nutrient.  The majority of P loading to the lake in this area comes from 
surface-applied poultry litter.  Of the 48,000 kg/yr of phosphorous entering Lake Eucha, 
69% is thought to come from poultry litter applicaton as fertilizer to pasture and crops in 
the watershed (Wagner and Woodruff, 1997; Storm et al., 2001, 2002). Poultry is the 
principal industry in the basin.  In the watershed, over 2,000 poultry houses produce 
approximately 91,700 tons of poultry litter each year, most of which is applied to 
permanent pastures. 
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P is an essential nutrient not only for crops but also for aquatic life.  However, 
excessive soil P concentrations can increase potential P transport to surface waters or 
leaching into the subsurface.  This can have serious negative implications.  Daniel et al. 
(1998) found that concentrations of P critical for terrestrial plant growth were an order of 
magnitude larger than concentrations at which lake eutrophication may occur.   
With these negative impacts in mind, researchers have investigated the sources of 
P loads reaching surface waters.  Many studies found that the primary transport 
mechanism for P from the source to the water body occurred through surface transport 
(i.e. runoff of dissolved P or erosion of soil contai ing particulate P) and considered the 
role of subsurface transport to be negligible.  However, there is a lack of research 
pertaining to the role of subsurface transport, especially in riparian floodplains.  Riparian 
floodplains commonly consist of alluvial deposits that possess hydraulic properties 
conducive to the subsurface transport of P.  This research attempts to quantify the role 





REVIEW OF LITERATURE 
 
2.1 Subsurface Nutrient Transport Studies 
 
Subsurface P transport is a less studied and understood transport mechanism 
compared to transport by overland flow, although numerous studies have reported its 
occurrence (Andersen and Kronvang, 2006; Hively et al., 2006; Nelson et al., 2005; 
Kleinman et al., 2004).  For example, Andersen and Krovang (2006) modified a P Index 
to incorporate potential P transport pathways of tile drains and leaching in Denmark.  
Hively et al. (2006) considered transport of total dissolved P (TDP) for both baseflow and 
surface runoff.  Nelson et al. (2005) indicated that phosphorus leaching and subsurface 
transport should be considered when assessing long-term risk of P loss from waste-
amended soils.  Kleinman et al. (2004) noted that te P leaching is a significant, but 
temporally and spatially variable transport pathway.  From research on four grassland 
soils, Turner and Haygarth (2000) documented that subsurface P transfer, primarily in the 
dissolved form, can occur at concentrations that could cause eutrophication.  Other 
researchers are beginning to emphasize colloidal P transport in the subsurface, as P 
attaches to small size particles capable of being transported through the soil pore spaces 
(Heathwaite et al., 2005; Ilg et al., 2005; de Jonge et al., 2004). 
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Surface water problems resulting from excess nutrients is not a new issue.  It has 
been studied for quite some time and researchers have developed management practices 
in an effort to reduce the nutrient loads associated with surface runoff.  One of these 
management practices involves the use of vegetated buffer strips (VBS) along riparian 
areas.  The VBS can be either grass or forested, and act as a zone in which runoff is 
captured and sediment is trapped, inhibiting sediment-bound nutrient transport to the 
stream.  However, some studies have shown these VBS systems can promote subsurface 
nutrient loading to streams.   
A study by Polyakov et al. (2005) examined current research regarding riparian 
buffer systems and their ability to retain nutrients.  Their findings suggested that 
conditions, such as the spatial variability in soil hydraulic conductivity, the presence of 
preferential flow pathways, and limited storage capacity in the riparian zone’s soil, could 
subvert the buffer system’s ability and allow for increased nutrient transport.  Osborne 
and Kovacic (1993) showed VBS could actually act like a nutrient source, releasing 
dissolved and total P into the ground water throught the year.  Another study 
conducted in Sweden showed that the soil in riparian zones had almost no P retention 
capacity due to a natural calcium leaching process which started over 3000 years ago 
(Vanek, 1993).  Also, a study by Cooper et al. (1995) showed a high P availability for 
ground water transport due to saturation of the riparian zone.   
There have been several studies conducted in which observation wells were used 
to monitor the flow of nutrients in groundwater.  Vanek (1993) noted groundwater P 
concentrations taken from 12 wells in a lake riparian zone ranged from 0.4 to 11.0 mg/L 
with an average of 2.6 mg/L.  Carlyle and Hill (2001) monitored the behavior of P in the 
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subsurface in a river riparian zone. This study suggested that riparian areas can become 
saturated with P and lose their ability to retain it.  They noticed higher soluble reactive 
phosphorus (SRP) concentrations (100 to 950 µg/L) in areas characterized by having soils 
with higher hydraulic conductivities buried under the top soils.  The authors also 
developed relationships for SRP with dissolved oxygen and iron (Fe2+).   
 Most research to date on nutrient transport has focused on surface transport.  
Owens and Shipatalo (2006) monitored surface runoff and subsurface P concentrations 
and found that the surface runoff concentrations were generally much higher than the 
subsurface.  However, the findings mentioned above show that there is a potential for 
subsurface nutrient transport.  Surface runoff usually consists of high flows over a short 
period of time, whereas subsurface flow is usually characterized by lower flow rates over 
long periods of time.  The point here is that even though the surface runoff has shown 
higher concentrations, low-concentration subsurface low occurring over a long period of 
time could still be making a viable contribution to the total nutrient load of a surface 
water body.  Therefore, there is a need for more res arch devoted solely to monitoring 
and evaluating the subsurface transport of P. 
 
2.2 Subsurface Fate and Transport Processes 
 
 There are many different fate processes which P can undergo after it enters the 
soil matrix, such as sorption, uptake, and mineralization (Figure 2.1).   One process by 
which P can be removed from the system is by plant uptake.  When plants uptake P from 
soil solution in the root zone, a concentration gradient is created.  In response, a diffusion 
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process across the soil solution begins to occur and more P is removed until the plant has 
used all it needs or is harvested.   
Next, P can be partitioned between organic and inorganic pools and within 
different water and soil phases.  From Figure 2.1 we can see that P can be divided into 
many groups.  Organic P consists of applied organic P fertilizer, P present in plant 
residue and P found in soil organic matter.  Other sources of P come from atmospheric 
deposition and from application of mineral fertilizers.  Organic and inorganic P is then 
available for processes such as adsorption and precipitation.   
 
 
Figure 2.1. Various pools of P and their interactions with the soil matrix 
(http://msucares.com/crops/soils/images/phosphorus.gif ).
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Some of the P will go into solution form.  The remaining P will either sorb to the 
surrounding mineral surfaces, usually forming Fe and Al oxides, or precipitate into 
secondary compounds.  This sorption process can be eith r equilibrium or kinetic.  The 
equilibrium group consists of the P which is strongly sorbed to the soil particles.  The 
kinetic group refers to the P which may be weakly sorbed to the soil and is released into 
solution at some point after it initially enters the groundwater.  This theory originated 
when researchers began noticing slight increases in P concentration over time when 
performing lab experiments.  The only explanation fr this comes from P that is initially 
sorbed being released from their “kinetic sorption” sites according to some reaction rate 
constant.   
Carlyle and Hill (2001) highlight the release of P rom stable and kinetic sorption 
sites into the solution pool due to changes in water ch mistry within different zones of a 
riparian floodplain. They monitored how P dynamics changed due to hydrologic flow 
paths, lithology, and redox chemistry in a riparian floodplain.  Their data showed higher 
concentrations of SRP were detected in buried river channel sediments underneath the 
topsoil compared to the soils located at the river ma gin.  These buried channels consist 
of soils or gravels with higher hydraulic conductivities.  The areas of high SRP also 
occurred with elevated levels of dissolved iron (Fe2+) and reduced dissolved oxygen (DO) 
levels when compared to other sampling sites.  They suggested that riparian areas might 
actually be contributing to the release of P because they increased the redox potential.   
This can be explained using some principles of water ch mistry.  In order for low 
DO levels to exist, the water would have likely been present in the subsurface for a long 
time.  This gives microorganisms more time to use the oxygen in the water for biological 
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processes and in turn depletes the DO.  When DO is depleted, the redox potential of the 
soil increases.  When the redox potential of the soil increases, metals like iron (Fe3+) and 
aluminum (Al3+) gain electrons and convert to Fe2+ and Al2+.  When this process occurs, 
phosphates (PO4
3-) that were initially sorbed to the Fe3+ and Al3+ are released into 
solution.  This is why higher SRP concentrations were observed in areas with low DO 
and high iron concentrations. 
Another method of subsurface P transport is known as colloid-facilitated 
transport.  Colloids are substances with tiny, non-diffusable particles that are suspended 
in a solution.  They generally consist of soil particles less than 10 µm in diameter.  The 
mechanism for this transport occurs when soluble P sorbs to the tiny soil particles in the 
colloid.  The solution then moves through the pore spaces in the vadose zone.  This is all 
determined by the size and stability of the colloids and the geometry of the soil particles 
(de Jonge et al., 2004).  de Jonge et al. (2004) showed that spatial heterogeneity strongly 
affects actual colloid transport and leaching of strongly adsorbing P.  Other studies noted 
significant amounts of particulate P when monitoring drainage from field catchments and 
tile-drained fields (Grant et al., 1996, Laubel et al., 1999. 
 
2.3 Hydraulic Conditions Promoting Subsurface Phosphorus Transport 
 
Local or regional conditions can lead to conditions where subsurface transport is 
important (Andersen and Kronvang, 2006).  Areas such as riparian floodplains commonly 
consist of alluvial deposits possessing hydraulic properties conducive to the subsurface 
transport of P.  These gravelly or cherty soils are common throughout the Ozark region of 
Oklahoma, Arkansas, and Missouri. In eastern Oklahoma, cherty soils adjacent to rivers 
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in the Lake Eucha/Spavinaw basin consist of gravelly silt loam to gravelly loam substrate 
below a thin layer of organic matter (Figure 2.2).  The cherty soils include the following 
soils series of excessively drained soils formed in hill slope sediments: Clarksville 
(loamy-skeletal, siliceous, semiactive, mesic Typic Paleudults), Nixa (loamy-skeletal, 
siliceous, active, mesic glossic fragiudults), Coulstone (loamy-skeletal, siliceous, 
semiactive, mesic Typic Paleudults), Noark (clayey-skeletal, mixed, semiactive, mesic 
Typic Paleudults), and Wilderness (loamy-skeletal, siliceous, active, mesic Oxyaquic 
Fragiudalfs).  A map of their distribution in the Lake Eucha/Spavinaw basin indicates that 
three of these soil series (Clarksville, Nixa and Noark) are prevalent features of the 
landscape (Figure 2.2).    
An example of a typical pedon is shown in Table 2.1.  The Clarksville series 
dominates the soil types in the lower portion of the watershed.  Particle size averages 18 
to 35% clay, 5 to 40% sand, and 35 to 70% rock fragments.  Sauer and Logsdon (2002) 
studied the hydraulic properties of some of these cherty soils (Clarksville and Nixa) and 
concluded that relatively subtle morphological factors can have a disproportionate impact 
on water flow in the soils, suggesting the need for further research regarding their 
hydraulic properties.  These soils possess infiltration rates as ranging from 1.22 to 3.67 
m/d according to USDA Soil Surveys.  Therefore, the potential for subsurface transport is 
significant.  Research by McCarty and Angier (2001) focused on studying preferential 
flow pathways that existed in riparian floodplains.  Their findings showed increased 
biological activity in these pathways and suggested a ecrease in the ability to store 
nutrients.  Current best management practices aimed at reducing P load through surface 
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runoff may be ineffective if subsurface flow is a significant transport mechanism and 
therefore could impact long-term planning of available water supplies in Oklahoma. 
 
 
Figure 2.2. Map of the distribution of cherty soils within the Eucha/Spavinaw basin. 
 
Table 2.1 Typical pedon for Clarksville cherty soils common in Ozark region of 






0i 0-2 Decomposed Organic Matter 
A 2-12 Dark Grayish Brown (10YR 4/2) 
Gravelly Silt Loam 
E 12-30 60% Light Yellowish Brown 
(10YR 6/4) and 40% Brown (10YR 
5/3) Gravelly Silt Loam 
Bt1 30-46 Light Yellowish Brown (10YR 6/4) 
Gravelly Silt Loam 
Bt2 46-74 Yellowish Brown (10YR 5/6) Very 
Gravelly Loam 
2Bt3 74-104 Yellowish Brown (10YR 5/6) 
Extremely Gravelly Clay Loam 
2Bt4 104-132 Strong Brown (7.5YR 5/6) Very 
Gravelly Clay Loam 




Although there is an understanding of the P cycle, th re is a lack of research and 
knowledge on the overall magnitude of P transport in the subsurface.  Previous research 
has suggested that areas designed to retain nutrients ca  become saturated with P.  The 
question is whether the potential sorption of P from the infiltrated water limits transport 
to streams.  If it is saturated, then the question becomes what the desorption and/or 
precipitation potential from these subsurface soils is.  It is hypothesized that the 
subsurface P load could potentially be significant t sites with these cherty soils because 
of the material’s transport capability.  The high conductivity of the cherty soils means 
less contact time between solution and solid phases nd most likely, less sorption.  The 
eventual scientific impact will be to determine if subsurface P transport is important on 
these landscapes and if so, what impact, if any, are cu rent management practices having 







In order to study the potential for subsurface transport in a riparian floodplain, a 
trench-piezometer system was installed in a riparian floodplain adjacent to the Barren 
Fork Creek near Tahlequah, OK (Figure 3.1). The trench system was designed to induce 
a constant water head and a tracer/P injection source on the subsurface alluvial gravel 
with subsequent monitoring of flow, tracer, and P transport in the piezometer field. 
 
 
Figure 3.1. Field site located approximately 25 km east of Tahlequah, Oklahoma 
adjacent to the Barren Fork Creek. 
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3.1 Trench Location 
 
The proposed site for the trench was located where the cherty, gravel layer was 
bounded by a relatively impermeable bedrock layer in order to induce water flow 
laterally through the soil profile above it.  In orde  to determine the soil profile beneath 
the surface, two methods were used.  First, ground pe etrating radar (GPR) readings were 
taken every 25 cm along a 100 m transect.  The data output showed differences in the soil 
profile that might represent where the gravel channels were present, but indicated no 
impermeable bedrock.   
Next, sample trenches were dug along the same transect a  the GPR readings to 
determine the accuracy of the GPR.  Based on the profiles observed in the sample 
trenches, it was determined that the gravel layer occurred between 120 cm and 150 cm 
below the ground surface at all sampling locations.  Disturbed gravel layer samples 
suggested that the alluvial gravel was homogeneous and initiated at a fairly uniform 
depth throughout the site.  The thickness of the gravel layer could not be determined due 
to limitations on the dig depth of the excavator, which was between 3 and 4 m.  No 
bedrock layer was encountered at any of the sampling locations along the 100 m transect.  
Because there was no optimum location in which the gravel layer was known to be 
bounded by an impermeable layer, the site of the trench became relatively arbitrary.  





(a)      (b) 
 
 
Figure 3.2. (a) Location of the trench and piezometers and (b) illustration of 
piezometers relative to the location of the trench. Photograph was taken from 
piezometer D looking northeast towards piezometers A and E. 
 
3.2 Trench Installation 
 
The trench was installed using a backhoe.  The dimensions of the trench were 
approximately 0.5 m wide by 2.5 m long by 1.2 m deep.  The bottom of the trench was 
located approximately 25 to 50 cm below the interface between the topsoil and gravel 
layers.  In order to prevent the trench walls from collapsing, it was necessary to build a 
support system.  This bracing system consisted of a frame constructed with 5 cm by 13 
cm studs and covered with 2 cm plywood.  The top and bottom were left open (Figure 
3.3).  Along with bracing the walls of the trench, t is design allowed the water to 





(a)     (b) 
  
 
Figure 3.3. (a) Illustration of the bottom of the trench located just below the 
gravel/topsoil interface and (b) photograph of gravel sample to illustrate particle 
size. 
 
3.3 Piezometer Installation 
 
Fifteen piezometers were installed at various locati ns around the trench with the 
majority of the piezometers located between the trench and the river (Figure 3.2).  The 
piezometers were approximately 6 m long and were constructed of 5 cm diameter 
Schedule 40 PVC.  Each consisted of either a 3 m or 6 m screened section at the base.  
The piezometers were installed using a Geoprobe drilling machine, which used a 
hydraulic press and hammer to push a steel tube (7.6 cm diameter, 120 cm long) into the 
soil.  Once a tube was driven to about 10 cm above ground surface, another tube was 
threaded onto it.  This was continued until a desired depth was reached.  For our case, 
once a depth of 6 m was reached, the 5-cm diameter piezometers were lowered down the 
7.6-cm drill shaft and used to dislodge an expendable tip on the end of the steel tube.  
Next, the steel tube was pulled up, leaving the piezometer in place.     
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3.4 Soil Sampling 
 
Core samples for the topsoil were taken at varying distances (3.0, 6.0, and 12.0 m) 
from the trench using a Giddings hydraulic drilling machine.  The samples were obtained 
by pushing a 5-cm diameter, 120-cm long steel tube with a plastic liner to the desired 
depth.  The tube was then retracted and the plastic liner containing the soil profile was 
removed.  The topsoil samples generally consisted of soil from just below the surface to 
depths of about 1.5 m.  It should be noted that core samples could not be obtained for the 
gravel layer.  It was too difficult for the Giddings machine to push through this layer 
without damaging the equipment.  Therefore, samples from the gravel profile were taken 
when digging the trench with the backhoe.  Once the gravel layer was reached with the 
backhoe bucket, the trench walls began caving in when trying to dig deeper.  Therefore, 
only the top of the gravel layer could be sampled.  Although these samples were 
disturbed, they still provided a representation of the subsoil.   
The samples taken from the gravel layer were analyzed for soil properties.  The 
samples were first sieved to determine the particle siz  distribution for the gravel subsoil.  
After oven drying the sample, the coarse gravel wasfirst separated out using a stack of 
five sieves ranging from 25.4 mm to 4.75 mm (No. 4). Next, the smaller particles were 
sieved using a sieve stack as follows: 4.75 mm (No.4), 2.0 mm (No. 10), 0.85 mm (No. 
20), 0.6 mm (No. 30), 0.425 mm (No. 40), 0.25 mm (No. 60), 0.15 mm (No. 100), and 0 
mm (pan).  Each sample was shaken for approximately 10 to 15 minutes on a vibratory 
sieve shaker.  After shaking, each sieve was weighed to determine the mass retained for 
each particle diameter.  This produced a distribution of particles by mass.  
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The particle size distribution was analyzed to determine the D10, D30, D50, and D60 
(i.e., diameter of soil particle in which 10, 30, 5, and 60%, respectively, of the sample is 
finer). Two properties determined from the particle size analysis were the uniformity 





Cu =                                                      (1) 






Cc =                                                    (2)                                                                  
The uniformity coefficient is a parameter which indicates the range of distribution of 
grain sizes in a soil sample.  A large Cu suggests a well graded soil, where a number 
closer to one means that all of the soil particles are approximately equal size.  Das (2002) 
suggests that for a gravel to be considered well-graded, Cu should be greater than 4 and 
Cc should be between 1 and 3.   
Once the particle size was known, the diameters were used with an empirical 
equation proposed by Alyamani and Sen (1993) to estimate the hydraulic conductivity of 
the gravel subsoil: 
( )[ ]210500 025.01300 DDIK −+=     (3) 
 
where K is the hydraulic conductivity in m/d, D50 and D10 are the particle diameters in 
mm at which 50 and 10% of the sample is finer, respectively, and I0 is the intercept of the 
line formed by D50 and D10 with the grain size axis (x-axis).  This estimate for hydraulic 
conductivity was compared to another estimate obtained using a falling head test (Landon 
et al., 2001).  The falling head test was performed by pumping water out of the Barren 
Fork Creek and into the trench until steady state conditions were reached.  The pumps 
were then shut off and water levels were recorded over time as the trench drained.  A 
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meter stick was attached to the side of the trench to allow for accurate readings while the 
water level in the trench decreased.  The numbers obtained from the falling head 
experiment were then used with the Darcy and Hvorslev equations to estimate the vertical 
hydraulic conductivity: 


























                                                   (5) 
 
where Kv is the vertical hydraulic conductivity of the soil in m/d, L is the sediment 
interval being tested in m (0.25 to 0.5 m), H0 and H1 are the displacement in m of the 
water at time t0 and t1 respectively, D is the diameter of the device and m is the isotropic 
transformation ratio (assumed to be unity).      
After sieving the soil sample, particles with a diameter less than 2.0 mm (No. 10 
sieve) were further analyzed for P sorption capabilities.  Phosphorus adsorption isotherms 
were estimated by adding different levels of P (0, 1, 5, 10, 25, 50, 100, 200, 400, and 800 
mg P/L) to 2.0 g soil samples.  The samples were shaken for 24 hours using a 
reciprocating shaker and then centrifuged for 10 minutes at 10,000 rpm.  The P in 
solution was then quantified using ICP-AES analysis.  Data were fit to linear and 
Langmuir isotherms to provide information in regard to the ability of the fine sediment 
fraction of the alluvial soils to adsorb P from solution:   









                                                   (7) 
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where qe is the mass of P sorbed per unit mass of soil, Ce is the equilibrium, dissolved 
phase P concentration, Kd is the distribution coefficient, and Q
0 and b are parameters of 
the Langmuir isotherm (i.e. Q0 is the mass of P sorbed per unit mass of soil at complete 
surface coverage and b is the binding energy). 
  An ammonium oxalate extraction was also performed on the fine material to 
determine the degree of P saturation, which is the ratio of P to the total amount of iron 
and aluminum (Iyengar et. al 1981, McKeague and Day 1966, and Pote et. al. 1996).  
This procedure dissolved the non-crystalline forms of aluminum and iron in the material, 
considered to be the main sink for P among acidic soils.  Therefore, selective dissolution 
of these amorphous minerals liberated any P associated with them into solution. 
 
3.5 Tracer and Phosphorus Injection Experiments 
 
 Two Rhodamine WT tracer and one P (KH2PO4) injection experiments were 
performed to monitor subsurface movement from the trench (Table 3.1).  Prior to the 
injection, each piezometer was sampled and analyzed for background P levels.  Also, a 
water level indicator was used to determine the depth to the water table in each 
piezometer prior to injection.  This would give a repr sentation of the hydraulic gradient 
in the subsurface.  Next, water was pumped from the Barren Fork Creek into the trench at 
approximately 0.0044 m3/s in order to induce water movement.  The water level in the 
trench was held as constant as possible at approximately 40 to 60 cm above the bottom of 
the trench for experiments 1 and 2, respectively.  Water levels in the piezometers 
surrounding the trench were monitored over time. Prior to the KH2PO4 injection 
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experiment, background concentrations of P were monitored in the piezometers and in 
the Barren Fork Creek.  
 
Table 3.1. Summary of Rhodamine WT and phosphorus (KH2PO4) injection 
experiments. 
Experiment No. 1 2 3
Injection Compound Rhodamine WT Rhodamine WT KH2PO4
 Concentration (ppm) 100 3 100
Compound Injection 
Duration (min) 60 90 90
Duration of Water 
Injection (min) 120 200 200
Average Water Level 
in Trench (cm) 44 60 60  
 
Pumping continued until the system reached pseudo-steady state conditions, 
which was verified when the water levels in the piezometers remained constant.  Once 
the system had reached steady state, either Rhodamine WT or P (KH2PO4) was injected 
into the trench at a constant rate using a variable rat  chemical pump (Table 3.1).  The 
solutions for Rhodamine WT and KH2PO4 were injected at a constant rate for either 90 or 
120 min.   
Once the injection began, samples were taken from the piezometers for the 
duration of the experiment in order to monitor the movement of the Rhodamine WT 
tracer and KH2PO4.  To sample the piezometers, a peristaltic pump was used.  In order to 
obtain water samples at two different depths for experiment 2 and 3, two hoses were run 
to each of the piezometers.  One hose was lowered to a depth 10 cm below the water 
table, while another was lowered to a depth 110 cm below the water table.  Each of the 
two hoses from the piezometers was run to a central loc tion where they could more 
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easily be connected to the peristaltic pump.  This wa the most time-efficient setup when 
considering the number of piezometers that needed to be sampled.   
The samples were placed into small bottles, put into a refrigerated cooler, and 
transported back to the lab where they were analyzed for Rhodamine WT, P and other 
cations such as calcium and aluminum.  Each sample was analyzed for Rhodamine WT 
content using a Turner model 111 fluorometer and an Aquaflor handheld fluorometer.  
Samples were then analyzed for P content using two different methods.  The Murphy-
Riley (1962) method was used to measure the dissolved inorganic P present in the 
samples, while an inductively coupled plasma atomic emission spectroscopy (ICP-AES) 
machine was used to measure the total P present in the solution. 
 
3.6 Laboratory Column Experiments 
  
The fine material (i.e. diameter less than 2.0 mm) obtained from the sieve analysis 
was also used in a laboratory flow-through experiment to investigate the P sorption 
characteristics with respect to the flow velocity (DeSutter et. al. 2006).  Approximately 
5.0 g of the fine material was placed in each of six flow-through cells.  This corresponded 
to a soil depth of approximately 2.3 mm.  A Whatman 42 filter was placed at the bottom 
of each cell to prevent the fine material from passing through the bottom.  Each cell had a 
nozzle at the bottom with a hose running from the nozzle to a peristaltic pump (Figure 
3.4).  The pump pulled water with a predetermined P concentration through the cells and 
fine material at a known flow rate (mL/min).  Two different speeds on the peristaltic 
pump were used to evaluate the effect that flow velocity had on P sorption.  The flow 
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rates used averaged 0.4 mL/min for the low flow experim nt and 14 mL/min for the high 
flow experiment.  These flow rates corresponded to average flow velocities of 1.3 and 46 
m/d, respectively.  First, 20 mL of deionized water was pulled through the soil to 
determine the background P that was removed from the soil.  Then, a KH2PO4 was 
injected into each cell at 1.0 ppm and kept at a constant head using a Mariott bottle 
system (Figure 3.4).  The low flow experiment was run for approximately 8 hours, while 
the high flow experiment was run for 1 hour.  This was done to achieve approximately 
equal P loads to each system.  Samples were taken periodically throughout each 
experiment.  The samples were analyzed in the laboratory for P and Ca using both the 
Murphy-Riley (1962) method and ICP-AES analysis.  
      
Figure 3.4. Laboratory flow-through experimental setup.  (DeSutter et al. 2006). 
 
The solution P concentrations obtained from the ICP-AES analysis were then 
used to evaluate the effect flow velocity on P sorpti n.  Two scientific perspectives were 
used to analyze these data.  The first method was based on contaminant transport theory 
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and compared the outflow P concentrations from both low flow and high flow velocities 
over time.  The P concentrations determined by ICP-AES analysis were plotted versus a 
dimensionless injection time, t*: 
t* = tQ/Vps, 
where Q is the inflow rate and Vps is the pore volume.  The time was non-dimensionalized 
by multiplying the time at which the sample was taken by flow rate for each experiment 
and dividing by the pore volume.  From the curve produced from outflow P concentration 
versus t*, a breakthrough time, tb
*
, was estimated for each of the experiments.  This was 
assumed to be the time at which 50% of the inflow concentration was detected in the 
outflow solution.   
A sorbing contaminant moves through porous media at  retarded flow velocity, 






























































α                                               (8)   
where x is the direction along the length of the column, c is the concentration, v is the 
pore water velocity, )(hLD  is the hydrodynamic dispersion coefficient, Lα  is the 
dispersivity, and sv  is the sorbed contaminant velocity.  The sorbed contaminant velocity 
is simply the groundwater velocity divided by the reta dation factor, R, and describes the 
reduced rate at which a sorbing contaminant moves throug  the soil.  Solutions to these 




















, 0      (9) 
The data from the flow-through experiments were then used with this equation to 
inversely estimate sv  and Lα  by minimizing the sum of squared errors between predict d 
and observed outflow concentrations (i.e., x = 0.23 cm). With this estimate for vs, the 
average flow velocity measured during the experiment (v) was used to estimate R and 
then Kd.  The Kd estimated from low-flow and high-flow velocity experiments was then 
compared with the Kd from the batch sorption tests. 
 Based on the one-dimensional advection-dispersion equations, a ratio relating the 
breakthrough times and flow velocities was derived assuming the length of the columns 
















t are the breakthrough times and vh and vl are the velocities for the high 
flow and low flow tests, respectively. The derived equation suggested that the ratio of the 
flow velocities for the high flow and low flow tests were proportional to the inverse of 
the breakthrough times for each velocity.  If these ratios were approximately equal, then 
equivalent transport processes (i.e., advection, dispersion, and sorption) were occurring 
for both flow velocities.  If the ratios differed, then variable P sorption was occurring and 
the flow velocity had an effect on the sorption characteristics of the fine (i.e., less than 
0.2 mm) material. 
These data were also analyzed based on the concentratio s of P in the outflow as 
measured by the ICP compared to the total amount of P added to the system.  The 
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principle of this method was that if an equal mass of P was added to each system, the 
measured P concentrations in the outflows would be approximately equal if flow velocity 
did not have an effect on sorption.  The mass of P added per kilogram of soil (mg P/kg 
soil) was found by multiplying Q (mL/min) by the inflow P concentration (mg/L) and by 
the elapsed time of the experiment (min).  These data were plotted against the P 
concentrations (mg/L) detected in the outflow solutins for both flow velocities.  In 
theory, if equivalent sorption was occurring, the curves associated with each data set 
would be approximately equal.   If velocity had an effect on sorption, the curve for the 





RESULTS AND DISCUSSION 
 
4.1 Soil Properties 
  
From the particle size analysis of the gravel subsoil, it was found that roughly 
81% of the material by mass was larger than 2.0 mm (Figure 4.1).  This was significant 
because 2.0 mm is generally considered the upper limit used when attempting to 
characterize the sorption properties of a material.  In other words, 81% of the gravel 
subsoil would likely be considered to have negligible sorption capabilities.  The other 
pertinent particle diameters used in calculating the uniformity coefficient, Cu, and the 
coefficient of gradation, Cc can be found in the legend included in Figure 4.1. For our 
sample, Cu was 22 and Cc was 2.3.  These numbers suggest that the gravel subsoil was 
fairly well-graded.   
            
Figure 4.1 Particle size distribution for gravel subsoil in the riparian floodplain. 
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The particle size distribution was also used to estimate the hydraulic conductivity, 
K, of the gravel subsoil.  Using a D50 of 13 mm, a D10 of 0.85 mm and I0 equal to 0.4 mm, 
the hydraulic conductivity was estimated to be 640 m/d.  Estimates for hydraulic 
conductivity, K, obtained from the falling head test data ranged from 150 to 220 m/d 
(Table 4.1).  The estimates were much higher than the USDA NRCS soil survey 
estimates for the three main topsoils in Cherokee County (Table 4.1).   This could be due 
to the fact that most of the equations used to calcul te K previously focused on soils with 
much smaller grain sizes (Landon et al., 2001).  As indicated in the particle size 
distribution, the alluvial system tested here had a large percentage of gravels greater than 
10 mm in diameter.  Although the estimates for hydraulic conductivity obtained from the 
particle size distribution and falling head test may be elevated representations of theK, 
they still demonstrated how conductive the gravel subsoil was and could be used as an 
indicator of the potential for rapid water and nutrient transport in the alluvial system. 
 
Table 4.1. Hydraulic conductivity estimates from tests conducted on disturbed soil 










Sen 640 Clarksville 2.5
Darcy 150 Elsah 6.7
Hvorslev 220 Britwater 0.8
USDA Soil Survey, 




The fraction of alluvial deposit less than 2.0 mm (i.e. about 19%) was found to 
possess considerable sorption capability based on linear (Kd = 2.0 L/kg based on Ce = 50 
mg/L) and Langmuir (Q0 = 125 mg/kg and b = 0.048 L/kg) isotherms.  However, when 
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compared to other Oklahoma soils analyzed for P sorption roperties, the Q0 determined 
for our sample (125 mg/kg) was lower than any other soils analyzed in Eastern Oklahoma 
(Table 4.2).   
Table 4.2.  Values for P sorption maximum, Q0 and Binding Energy, b for 
Oklahoma topsoils (Fuhrman, 1998). 
                        

















Gallion 191 1.03  
 
Results from the ammonium oxalate extractions showed a degree of P saturation 
of 4.2% when not including the alpha factor of 0.5 (Beauchemin and Simard 1999).  This 
alpha factor has been used to adjust the total amount of iron and aluminum that could be 
available in different soil types.  The value was derived from a given set of soils and 
laboratory conditions.  Thus, it may not be appropriate for use in all cases.  When 
incorporating the alpha factor of 0.5, the degree of P saturation for the fine soil was found 
to be 8.4%.  Both P saturation values could be considered lower than agricultural topsoils 
with a history of P applications beyond crop needs.  This suggested that the fine soil 
material was capable of sorbing a considerable amount f P.  However, this only pertains 
to the fine material in the gravel subsoil, which is only about 19% of the entire size 
fraction. 
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A weighted linear Kd calculated based on the 2.0 mm size fraction result d in a Kd 
of 4.5.  This weighted Kd suggested a P sorption retardation factor, R of 18 to 24 based on 
soil bulk density estimates, ρb for the gravel material of 1.5 to 1.8 g/cm
3 and porosity, ε, 








ρbdKR 1      (8) 
 
Figure 4.2.  Laboratory data fit to Langmuir and linear isotherms to obtain sorption 
parameters for fine soil material (< 2.0 mm). 
 
4.2 Tracer and Phosphorus Injection Experiments 
  
In the first experiment, Rhodamine WT was injected at 100 ppm (Table 3.1).  
Samples analyzed from this experiment showed detectabl  concentrations in all of the 
piezometers.  Concentrations detected in piezometers located 2 to 3 m from the trench 
(i.e. piezometers A, B, and C) peaked at 36 ppb with peak concentrations occurring 
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approximately 30 minutes after injection began.  Detected levels in piezometers located 7 
to 8 m from the trench (K, L, and M) were generally less than 30 ppb with peak 
concentrations occurring approximately 50 minutes after initiation of injection (Figure 
4.3). 
 
Figure 4.3.  Rhodamine WT concentrations for piezometers located 2-3 m and 7-8 m 
from trench. 
 
Also, Rhodamine WT concentrations detected in piezometers D, I, and J for the 
first experiment were much higher than those detected in all other piezometers (Figure 
4.4).  Sample concentrations from these piezometers all exceeded 300 ppb, which was the 
upper detection limit on the field fluorometer.  After dilution in the lab, the 
concentrations in these piezometers were found to be close to the injected concentration 
of 100 ppm.   Piezometers D, I, and J were hypothesized to be located in a preferential 
flow pathway which was more conductive than other subsurface material (Figure 4.4).   
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Figure 4.4. Rhodamine WT concentrations in preferential and non-preferential flow 




In the second experiment, Rhodamine WT was injected a  approximately 3.0 ppm 
with the intent of staying within the range of detection for the field fluorometer (Figure 
4.5 (a).  Sample analysis showed a pattern similar to the first injection, with detection 
levels in piezometers D, I, and J approximately equivalent to the injected concentration of 
3.0 ppm (Figures 4.5).  However, there was no Rhodamine WT detected in any of the 
other piezometers.  This was hypothesized to be due to the fact that the injected 
concentration of 3.0 ppm (compared to 100 ppm in the first experiment) was diluted 




Figure 4.5. Experiment 2 - Rhodamine WT concentrations in trench (a) compared to 
non-preferential flow piezometers (b) and (c) and preferential flow piezometers (d), 
(e), and (f). 
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The results from the second Rhodamine WT injection supported the hypothesis 
that a highly conductive preferential flow pathway existed in the subsoil.  The 
Rhodamine WT concentrations detected in the preferential flow pathway, i.e. figures 4.5 
(d), (e), and (f) were roughly two orders of magnitude larger than the concentrations 
detected in the non-preferential flow piezometers, i.e. Figures 4.5 (b) and (c).  This 
demonstrated the potential for rapid subsurface transport in this alluvial system.  These 
preferential flow pathways in alluvial deposits could represent a direct connectivity with 
upland nonpoint source pollution sources. 
Another trend visible from the Rhodamine WT injections was that samples taken 
from 10 cm below the water table showed significantly higher concentrations than 
samples taken 110 cm below the water table for the piezometers considered to be in the 
preferential flow pathway (Figure 4.5).  These data supported the possibility of layering 
in the subsoil and suggested that the flow is large enough in the preferential flow 
pathways to inhibit vertical mixing. 
Prior to the injection experiments, piezometers were sampled to determine the 
hydraulic gradient and background P levels.  The water levels detected in each 
piezometer showed minor differences (i.e. less than 1 cm).  Therefore, it was difficult to 
determine if a hydraulic gradient existed which was directed towards the preferential flow 
pathway.  However, water level readings from 2 of the piezometers in the preferential 
flow pathway suggested that water was flowing down the side of the piezometer.  
Background P samples were grouped according to the bs rved piezometer flow response 
from the Rhodamine WT experiments: (1) preferential flow piezometers versus (2) non-
preferential flow piezometers. A statistically significant difference (α = 0.05) was 
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observed between the background P concentration in preferential versus non-preferential 
flow piezometers (Figure 4.6 and Table 4.3).  Concentrations of P in the Barren Fork 
Creek were approximately 1.8 times higher than those observed in the piezometers.  The 
difference between piezometer groupings suggested potential for the preferential flow 
piezometers to be more directly connected to the stream channel and non-point source 
loads in the stream. 
 
       
Figure 4.6. Experiment 3 - Box plots of background phosphorus (P) concentration in 
preferential flow versus non-preferential flow piezometers prior to P injection 
experiment. 25th and 75th percentiles = boundary of the box; median = line within 




Table 4.3. t-test two-sample assuming unequal variances on background P 













tail 0.013*  
* Statistically significant difference between the groups at α = 0.05. 
 
In the third experiment, KH2PO4 was injected into the trench at a concentration of 
100 ppm, as shown in figure 4.7 (a).  Similar to the Rhodamine WT injections, P 
concentrations in preferential flow piezometers again mimicked concentrations injected 
into the trench (Figures 4.7 (b) and (c).  In non-preferential flow piezometers, P was not 
detected above background concentrations even in piezometers 2 to 3 m from the trench.  
These results suggested that sorption retarded the mov ment of P to these piezometers, 
and that no significant sorption was observed for piezometers D and J.  Two hypotheses 
were proposed for the lack of sorption that was suggested in piezometers considered to be 
in the preferential flow pathway:  (1) the presence of fewer particles with significant P 
sorption capability and/or (2) lack of contact time b tween aqueous and solid phases due 
to the higher flow velocities.  To evaluate the first hypothesis, undisturbed soil cores were 
needed from the preferential flow path.  However, these were difficult to obtain in the 
gravel substrate due to the large particle sizes encountered when trying to drive a 
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sampling core.  Therefore, this hypothesis was not evaluated.  The second hypothesis was 




Figure 4.7. Experiment 3 - Phosphorus concentrations in trench (a) compared to 
non-preferential flow piezometers (b) and (c) and preferential flow piezometers (d), 





4.3 Laboratory Flow Experiments 
 
 Both the contaminant transport and load perspectivs suggest that flow velocity 
had an effect on the sorption capabilities of the system.   Figure 4.8 (a) shows the P 
concentrations for both velocities plotted versus dimensionless time.  Concentrations 
detected in the outflow solution for the high velocity experiment are approximately 90% 
of the inflow P concentration after less than 1 min.  Therefore, the breakthrough time, tb, 
for the experiment is less than 1 min.  The exact time at which 50% of the sample was 
detected is not known because the first sample (i.e., at 0.5 min) corresponded to 60% of 
the inflow concentration.  The exponential fit to these data (Figure 4.8a) was used to 
estimate a tb
* of 2.7, which corresponded to a tb of 0.4 min.  For the low flow experiment, 
the outflow concentration gradually increased with time and reached approximately 75% 
of the inflow concentration after 8 hrs of injection.  The tb determined for the low flow 
experiment was approximately 160 min, which corresponded to a tb
* of 25 (Figure 4.8a). 
These data suggested that greater P sorption to the soil was occurring in the low 
flow experiment.  Specifically, the velocity ratio between the high-flow and low-flow 
experiments was approximately 36 when using average flow velocities of vh = 46 and vl = 
1.3 m/d. Compared to the ratio of the breakthrough times of approximately 390, 
additional P sorption was occurring during the low-flow experiment.  This could likely be 
due to the small reaction time between the P and soil surfaces during the high-flow 
experiment.   
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Figure 4.8. Phosphorus (P) concentrations detected in outflow (C) versus (a) 
dimensionless time and (b) mg P added per kg of soil, where Q is the flow rate, Vps is 
the pore space volume, Cb is the background P concentration released from the soil, 
and Co is the inflow P concentration. 
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The flow-through experiment data were also analyzed by comparing the P load 
added to the P concentrations detected in the outflow, as shown in Figure 4.12 (b).  
Variables such as inflow P concentration, mass of Padded and mass of soil sample were 
held constant.  The only parameter changed between th  two experiments was flow 
velocity.  From Figure 4.8 (b), it is noticeable that the outflow P concentrations detected 
for the low flow experiment were consistently less than the concentrations obtained 
during the high flow experiment at the same P load ad ed.  Similar to the contaminant 
transport analysis, these data also suggest that more P sorption was occurring during low 
flow velocity experiments and that flow velocity had n effect on sorption. 
The results from flow cell experiments suggested that neither variation in fine 
particle distribution nor P sorption kinetics could be eliminated as factors hypothesized to 
contribute to the field-observed sorption in non-prefe ential pathways compared to 
preferential flow pathways.  Most likely, a combination of both the presence of fewer fine 
particles (i.e. soil particles less than 2.0 mm in diameter which possess greater P sorption 
capability) and the lack of contact time between aqueous and solid phases due to the 
higher flow velocities in the preferential flow path contributed to the variability in P 
sorption observations.  Estimates for Kd were obtained from the Ogata and Banks (1961) 
equation for both flow velocities (Table 4.4).   
 
Table 4.4.  Soil-water partition coefficients, Kd, estimated from batch sorption and 
laboratory flow experiments. 
Experiment K d  (L/kg) SSE (%)
Batch 4.5 -
Low Flow 11 27
High Flow 0.9 1  
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The differences in the Kd values obtained from both the batch sorption isotherm 
test and the flow-through experiments suggested that nonequilibrium processes were 
occurring in the system.   These processes can be divide  into physical and chemical 
nonequilibrium.  Physical non-equilibrium is the result of dissolved P moving into the 
micropores between the soil particles, resulting in an overestimation of P sorption.  
Because there was not a large amount of fine clay in the material, the effect of 
microporosity is likely negligible.  Therefore, the differences in the Kd are likely due to a 
chemical kinetics, meaning that the amount of sorpti n observed varied due to the time 







5.1 Summary and Conclusion 
 
This research demonstrated that subsurface movement of P can be an important 
transport mechanism, especially in areas such as riparian floodplains with hydraulic 
conditions conducive to the rapid transport of P.  The movement of water and 
contaminants in riparian floodplains is not homogeneous, and can be impacted by the 
presence of preferential flow pathways.  
Using a trench-piezometer system, the subsurface transport of a conservative 
tracer (i.e., Rhodamine WT) and P solution was monitored while inducing flow in the 
system. Concentrations of both Rhodamine WT and P were equivalent at the injection 
point (i.e., trench) and at preferential flow piezometers located on the southwest side of 
the trench.  However, concentrations of Rhodamine WT and P in non-preferential flow 
piezometers, some of which were within 2 to 3 m of the trench, did not mimic injected 
concentrations.  Although Rhodamine WT was detected in non-preferential flow 
piezometers 2 to 3 m from the trench at concentrations near 40 ppb, P was not measured 
above background concentrations (i.e. 40 ppb) in these non-preferential flow 
piezometers.
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The results suggested that P sorption may have occurred on the fine material 
along non-preferential flow pathways.  Sorption of P to subsoil material in the 
preferential flow pathways was hypothesized to be mini al due to a combination of two 
factors: (1) the presence of fewer fine particles (i.e. soil particles less than 2.0 mm in 
diameter) and (2) lack of contact time between aqueous and solid phases due to the 
higher flow velocities.  To test the second hypotheses, laboratory experiments were 
conducted.  The flow-through experiments suggested that the velocity of flow through the 
subsoil had an effect on P sorption.  When using the high flow velocity, the breakthrough 
time for P was estimated to be 0.4 min and concentrations reached 90% of the inflow 
concentration in less than 10 min.  Using the low flo  velocity, the breakthrough time for 
P was estimated to be 160 min and concentrations detected in the outflow increased at a 
much slower rate before peaking at approximately 75% of the inflow concentration after 
370 min.  The differences in the breakthrough times and outflow concentrations for each 
velocity suggested that sorption was occurring.  This hypothesis was also supported when 
analyzing the flow through experiment data on a P load basis.  When equal masses of P 
were added to each system and the only parameter altered was velocity, concentrations 
detected in the outflow solutions from the low velocity were consistently lower than 
those detected using the high velocity.  If velocity had no effect on sorption, the values 
theoretically should have been the same.    
These findings suggested that high concentrations of P (i.e., concentrations 
mimicking the injected concentration) detected in the piezometers located in the 
preferential flow pathway were a result of the greater flow velocity in this zone.  The 
velocity, in turn, likely led to a smaller reaction time between the dissolved P and soil 
 44 
surfaces, prohibiting measurable sorption.  The lack of P detection in the non-preferential 
areas was also supported by the data from the low fl  velocity experiment.  These 
findings suggested that the lack of P detection in piezometers outside of the preferential 
flow pathway may have been a result of the P solution moving much slower through the 
subsoil and therefore sorbing to the fine material.  This fine material consisted of 
secondary minerals with larger surface areas, such as kaolinite and non-crystalline Al and 
Fe oxyhydroxides, and is characterized by valence-unsatisfied edge hydroxyl groups.  
Due to the valency, these edge hydroxyl groups are highly active and account for the 
majority of P sorption in the material.  Although isotherm data on the fine material 
showed that material had lower sorption properties than other surface soils in Oklahoma, 
it did suggest that the material was capable of sorbing P.  Therefore, the finding that P 
was sorbing in the low flow experiment was reasonable. 
This research has wide reaching implications for how riparian floodplains are 
managed.  Millions of dollars are spent each year to mi igate surface runoff and sediment 
and nutrient loads.  Although these management plans c  be effective, this research has 
shown that subsurface P transport could also be a contributing factor in certain 
conditions.  Because the nutrient load studied herewas input directly into the subsurface, 
the overall subsurface contribution could not be quantified.  The next step is determining 
if similar conditions like this are common and if a direct connection exists between 
nutrient sources on the surface and the conductive subsurface material.   
This study demonstrated the heterogeneity that exists in the subsoil which can 
promote significant nutrient transport.  Preferential flow pathways may create direct 
hydraulic connections between nonpoint source loads in the stream and the alluvial gravel 
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subsoil. These direct connections could lead to a transient storage mechanism, where 
upland nutrient loads concurrent with large storm events could potentially migrate 
downstream into the adjacent floodplain, contaminating the alluvial storage zone.  
Second, a direct connection may exist between upland sources of P and the streams such 
that a significant nonpoint source load may not be currently considered in analyzing for 
the impact of P application and management on such landscapes.   
 
5.2 Recommendations for Further Research 
 
This research showed that alluvial subsurface systems can have significant 
potential for nutrient transport.  However, the study was only conducted over a short 
period of time.  Previous research also showed that an alluvial system’s hydrologic 
properties were highly spatially and temporally variable and this research supported that 
finding.  It is unreasonable to think that the long term nutrient impact that subsurface 
systems have on surface water bodies could modeled simply based on this one study.  
Future work needs to focus on determining if similar processes are occurring in other 
riparian areas and finding common geological characte istics of these systems.   This 
study also monitored an unnatural nutrient load input directly into the subsurface.  
Because of this, there is still a need for determining whether a direct connection exists 
between surface-applied nutrients and subsurface alluvial systems capable of rapid 
transport.  As long as the overall nutrient contribution of subsurface alluvial systems 
compared to surface mechanisms is not known, research will continue to focus on 
mitigating nutrient inputs by reducing surface runoff.   
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Future research on similar riparian subsurface system  should also attempt to 
characterize the subsurface system in as much detail as possible in order to more 
accurately demonstrate the heterogeneities that occur within the subsurface.  Electrical 
resistivity imaging could be used to map the subsurface profile and identify regions that 
could be conducive to rapid transport (i.e. preferential flow pathways).  Once these areas 
were identified, they could be instrumented more accurately, sampled over much longer 
periods and analyzed in order to determine if processes similar to those found here were 
occurring in other areas.   
Further work should also focus on transport both ino and out of riparian areas.   
For example, once an area conducive to subsurface transport was identified, a 
conservative tracer could be injected into the stream itself and piezometers located along 
the stream could be sampled to determine if the tracer was moving into the riparian area 
as well as downstream.  Future projects should also monitor over longer periods of time 
in hopes of more appropriately quantifying the magnitude of subsurface nutrient loading.  
Research could continue to use conservative tracers as a way of monitoring the transport 
potential but should also focus on monitoring the natural nutrient flow into and out of the 
subsurface areas and in the stream itself.  This could help determine whether nonpoint 
source nutrient inputs upstream migrate into the riparian subsurface areas further 
downstream and whether or not these areas are actually sorbing nutrients or acting as a 
storage zone and transmitting them back into the stream during periods of low flow. 
Results from these studies could then be used to focus n identifying geologic 
characteristics of the system that suggest that subsurface nutrient loading could be a 
problem.  Ideally, these characteristics could then b  expanded to a watershed scale in 
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hopes of isolating these areas.  Once the areas sensitiv  to subsurface nutrient transport 
were identified, the work could shift to designing alluvial floodplain management 
practices which incorporated subsurface transport as a nutrient source.  These alternative 
management practices could then be put in place in hopes of reducing nutrient loading to 
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1" 25.4 676.7 582.74 93.96 9.57 9.57 90.43
3/4" 19.05 668.5 597.6 70.9 7.22 16.79 83.21
1/2" 12.7 652.2 534.2 118 12.02 28.81 71.19
3/8" 9.525 654.5 558.1 96.4 9.82 38.63 61.37
4 4.75 503.5 379.2 124.3 12.66 51.29 48.71
10 2 579.2 466.8 112.4 11.45 62.74 37.26
20 0.85 498.6 385 113.6 11.57 74.31 25.69
40 0.425 628.14 504.5 123.64 12.59 86.91 13.09
70 0.212 400.7 321.2 79.5 8.10 95.00 5.00
100 0.15 421.9 397.05 24.85 2.53 97.54 2.46
200 0.075 353.64 342.74 10.9 1.11 98.65 1.35
Pan - 391.1 379.37 11.73 1.19 99.84 0.16
Pan Mass 288.2
Pan + Gravel (wet) 2000.94





















4 4.75 1781.3 531.1 1250.2 77.58 77.58 22.42
10 2 603.7 467.2 136.5 8.47 86.05 13.95
20 0.85 460.5 384.9 75.6 4.69 90.75 9.25
40 0.425 565.2 504.2 61 3.79 94.53 5.47
70 0.212 374.2 320.8 53.4 3.31 97.85 2.15
200 0.075 367.7 342.7 25 1.55 99.40 0.60
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A (U) 20 31.8 B (U) 18 20.9
A (U) 41 10.8 B (U) 38 21.6
A (U) 76 5.8 B (U) 72 10.1
A (U) 115 0.0 B (U) 120 3.5
A (L) 20 30.8 B (L) 19 24.2
A (L) 42 9.2 B (L) 39 25.6
A (L) 75 17.2 B (L) 72 3.5
A (L) 115 0.0 B (L) 121 0.0
C (U) 6 0.0 D (U) 5 3108.0
C (U) 35 17.9 D (U) 32 6255.0
C (U) 64 24.4 D (U) 60 6771.0
C (U) 126 0.0 D (U) 131 1625.0
C (L) 7 9.5 D (L) 5 6.3
C (L) 36 35.1 D (L) 35 4132.0
C (L) 65 12.5 D (L) 60 -
C (L) 126 1.9 D (L) 131 101.1
E (U) 21 53.6 F (U) 16 11.6
E (U) 43 7.9 F (U) 40 15.0
E (U) 77 2.9 F (U) 74 4.2
E (U) 112 3.3 F (U) 116 0.0
E (L) 21 32.0 F (L) 17 32.5
E (L) 44 16.7 F (L) 40 11.0
E (L) 77 5.5 F (L) 74 8.2
E (L) 112 2.2 F (L) 120 0.0
G (U) 11 35.2 H (U) 11 0.0
G (U) 36 15.7 H (U) 33 49.9
G (U) 68 3.8 H (U) 61 17.2
G (U) 122 0.0 H (U) 129 6.3
G (L) 12 23.3 H (L) 11 15.2
G (L) 37 21.4 H (L) 33 25.8
G (L) 69 142.2 H (L) 62 16.2
G (L) 123 0.0 H (L) 129 0.0
I (U) 10 23.2 J (U) 8 5440.0
I (U) 31 38.9 J (U) 29 7035.0
I (U) 133 115.1 J (U) 137 184.8
I (L) 10 36.1 J (L) 9 25.2
I (L) 31 59.8 J (L) 30 14.1
I (L) 134 0.0
K (U) 25 5.4 L (U) 27 2.7
K (U) 49 11.8 L (U) 48 7.8
K (U) 144 6.0 L (U) 142 0.6
K (L) 26 4.8 L (L) 27 7.3
K (L) 50 17.6 L (L) 48 51.8
K (L) 144 0.0 L (L) 143 0.0
M (U) 23 27.1 N (U) 22 18.7
M (U) 51 12.4 N (U) 44 69.5
M (U) 146 0.0 N (U) 78 19.8
M (L) 24 8.0 N (U) 110 7.9
M (L) 52 9.3 N (L) 21 19.8
M (L) 146 0.0 N (L) 45 16.7
N (L) 78 6.3
P (U) 14 12.6 N (L) 111 1.6
P (U) 46 8.4
P (U) 150 295.0
P (L) 15 27.5
P (L) 47 9.0
P (L) 150 260.9  
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1 12:37 0:01 Trench 589 17.7
2 12:40 0:04 Trench 2911 77.6
3 12:44 0:08 Trench 2914 94.7
4 12:50 0:14 Trench 3778 114
5 13:01 0:25 Trench 3214 122
6 13:09 0:33 Trench 4425 91.1
7 13:17 0:41 Trench 3569 129
8 13:22 0:46 Trench 3708 111
9 13:31 0:55 Trench 3529 117
10 13:39 1:03 Trench 2956 120
11 13:46 1:10 Trench 1900 71.3
12 14:05 1:29 Trench 1862 69.4
13 14:16 1:40 Trench 2282 7.23
14 14:25 1:49 Trench 27.35 1.01
15 14:41 2:05 Trench 7.958 0.0917
16 14:54 2:18 Trench 0.457 0.0435
17 15:08 2:32 Trench 5.365 0.0419
18 15:56 3:20 Trench 0 0.0417
19 Background Creek 5.182 0.0891
20 Background A TOP (BG) 1.839 0.0449
21 12:40 0:04 A TOP 2.225 0.0377
22 12:52 0:16 A TOP 0.866 0.046
23 13:04 0:28 A TOP 5.354 0.0433
24 13:18 0:42 A TOP 3.921 0.108
25 13:32 0:56 A TOP 5.799 0.0588
26 13:58 1:22 A TOP 0.777 0.0309
27 14:17 1:41 A TOP 1.448 0.0383
28 14:44 2:08 A TOP 3.122 0.0792
29 Background A BOTTOM (BG) 4.903 0.0454
30 12:40 0:04 A BOTTOM 4.197 0.0429
31 12:52 0:16 A BOTTOM 0.66 0.0478
32 13:04 0:28 A BOTTOM 4.169 0.0438
33 13:18 0:42 A BOTTOM 1.268 0.0487
34 13:32 0:56 A BOTTOM 2.085 0.0637
35 13:58 1:22 A BOTTOM 6.69 0.0711
36 14:17 1:41 A BOTTOM 0.043 0.0395
37 14:44 2:08 A BOTTOM 4.598 0.124
38 Background B TOP (BG) 4.914 0.0462
39 12:42 0:06 B TOP 1.465 0.035
40 12:53 0:17 B TOP 0.4 0.0445
41 13:05 0:29 B TOP 0 0.042
42 13:19 0:43 B TOP 0 0.0701
43 13:32 0:56 B TOP 0.097 0.072
44 14:18 1:42 B TOP 6.856 0.0479
45 14:48 2:12 B TOP 0.812 0.0474
46 15:45 3:09 B BOTTOM 0.542 0.0494
47 Background B BOTTOM (BG) 0 0.0442
48 12:42 0:06 B BOTTOM 0 0.0426
49 12:53 0:17 B BOTTOM 1.107 0.0445
50 13:05 0:29 B BOTTOM 0 0.0591
51 13:19 0:43 B BOTTOM 0.234 0.0514
52 13:32 0:56 B BOTTOM 0 0.0463
53 14:17 1:41 B BOTTOM 0 0.0438
54 14:46 2:10 B BOTTOM 0.206 0.064
55 15:45 3:09 B TOP 1.553 0.0529  
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56 Background C TOP (BG) 0.636 0.0459
57 12:43 0:07 C TOP 0.85 0.0385
58 12:54 0:18 C TOP 0.074 0.0426
59 13:06 0:30 C TOP 2.08 0.0456
60 13:19 0:43 C TOP 1.998 0.124
61 13:33 0:57 C TOP 0 0.0456
62 13:59 1:23 C TOP 6.781 0.0593
63 14:19 1:43 C TOP 0 0.047
64 14:47 2:11 C TOP 1.911 0.0495
65 15:46 3:10 C TOP 0.755 0.0463
66 Background C BOTTOM (BG) 0 0.0452
67 12:43 0:07 C BOTTOM 0 0.0408
68 12:53 0:17 C BOTTOM 0.416 0.0442
69 13:06 0:30 C BOTTOM 0 0.0444
70 13:19 0:43 C BOTTOM 1.319 0.0519
71 13:33 0:57 C BOTTOM 0 0.0456
72 13:59 1:23 C BOTTOM 0.473 0.0313
73 14:19 1:43 C BOTTOM 0 0.0448
74 14:47 2:11 C BOTTOM 0.825 0.0476
75 15:46 3:10 C BOTTOM 0.715 0.0557
76 Background D TOP (BG) 0.577 0.0498
77 12:44 0:08 D TOP 3.45 0.0293
78 12:54 0:18 D TOP 1610 50.5
79 13:07 0:31 D TOP 1700 50.3
80 13:20 0:44 D TOP 3070 106
81 13:35 0:59 D TOP 2889 106
82 14:00 1:24 D TOP 2344 114
83 14:21 1:45 D TOP 1059 39.2
84 14:29 1:53 D TOP 308.7 9.25
85 15:47 3:11 D TOP 166.5 3.15
86 Background D BOTTOM (BG) 0.423 0.0536
87 12:43 0:07 D BOTTOM 5.246 0.0303
88 12:54 0:18 D BOTTOM 24.81 0.841
89 13:07 0:31 D BOTTOM 7.579 0.131
90 13:20 0:44 D BOTTOM 386.9 11.3
91 13:35 0:59 D BOTTOM 122.2 4.07
92 14:00 1:24 D BOTTOM 389.3 16.8
93 14:21 1:45 D BOTTOM 35.94 1.18
94 14:49 2:13 D BOTTOM 19.14 0.462
95 15:47 3:11 D BOTTOM 10.05 0.125
96 Background E TOP (BG) 2.482 0.0484
97 12:45 0:09 E TOP 0 0.0486
98 12:55 0:19 E TOP 1.907 0.0464
99 13:10 0:34 E TOP 0.876 0.0481
100 13:23 0:47 E TOP 1.666 0.0475
101 14:26 1:50 E TOP 4.481 0.0377
102 14:56 2:20 E TOP 2.536 0.0494
103 15:48 3:12 E TOP 0.088 0.045
104 Background E BOTTOM (BG) 0.944 0.0481
105 12:44 0:08 E BOTTOM 2.05 0.0477
106 12:55 0:19 E BOTTOM 1.984 0.0563
107 13:10 0:34 E BOTTOM 0.818 0.0515
108 13:23 0:47 E BOTTOM 1.451 0.0503
109 14:26 1:50 E BOTTOM 0.466 0.0364
110 14:56 2:20 E BOTTOM 1.999 0.0616








112 Background F TOP (BG) 27.42 0.128
113 12:56 0:20 F TOP 0.996 0.0434
114 13:11 0:35 F TOP 4.523 0.0775
115 13:24 0:48 F TOP 0.198 0.0444
116 14:02 1:26 F TOP 4.087 0.05
117 14:57 2:21 F TOP 0.767 0.0437
118 15:48 3:12 F TOP 0.543 0.0458
119 Background F BOTTOM (BG) 0.215 0.0475
120 12:45 0:09 F BOTTOM 0 0.0474
121 12:56 0:20 F BOTTOM 0.437 0.0442
122 13:11 0:35 F BOTTOM 0.89 0.0452
123 13:24 0:48 F BOTTOM 0.263 0.0525
124 14:02 1:26 F BOTTOM 2.087 0.0448
125 14:57 2:21 F BOTTOM 4.876 0.0474
126 15:48 3:12 F BOTTOM 0 0.0458
127 Background G TOP (BG) 0.026 0.0462
128 12:47 0:11 G TOP 0 0.0435
129 12:57 0:21 G TOP 1.439 0.0459
130 13:12 0:36 G TOP 0.168 0.0462
131 13:25 0:49 G TOP 0 0.0488
132 14:03 1:27 G TOP 1.473 0.111
133 14:28 1:52 G TOP 0.048 0.053
134 14:59 2:23 G TOP 0.138 0.046
135 15:49 3:13 G TOP 0 0.0449
136 Background G TOP (BG) 0 0.0472
137 12:46 0:10 G TOP 1.926 0.0447
138 12:57 0:21 G TOP 4.757 0.0457
139 13:12 0:36 G TOP 2.536 0.0493
140 13:25 0:49 G TOP 0.804 0.0473
141 14:03 1:27 G TOP 0 0.0495
142 14:28 1:52 G TOP 0.593 0.0324
143 14:59 2:23 G TOP 0 0.0427
144 15:49 3:13 G TOP 0.248 0.0464
145 Background H TOP (BG) 2.089 0.0491
146 12:48 0:12 H TOP 0 0.046
147 12:58 0:22 H TOP 0 0.0502
148 13:13 0:37 H TOP 1.778 0.0445
149 13:26 0:50 H TOP 0 0.0521
150 14:04 1:28 H TOP 1.689 0.0881
151 15:00 2:24 H TOP 0 0.0911
152 15:51 3:15 H TOP 4.406 0.0482
153 Background H BOTTOM (BG) 0 0.0475
154 12:48 0:12 H BOTTOM 0.184 0.0424
155 12:58 0:22 H BOTTOM 1.019 0.0457
156 13:13 0:37 H BOTTOM 0.819 0.0449
157 13:26 0:50 H BOTTOM 1.148 0.0498
158 14:04 1:28 H BOTTOM 0.136 0.0384
159 15:00 2:24 H BOTTOM 2.078 0.0638
160 15:51 3:15 H BOTTOM 0.819 0.105
161 Background I TOP (BG) 4.096 0.054
162 12:49 0:13 I TOP 0 0.0455
163 12:39 0:03 I TOP 4.34 0.0377
164 12:58 0:22 I TOP 22.72 0.739
165 13:14 0:38 I TOP 180.6 6.04
166 13:26 0:50 I TOP 315.6 12.2
167 14:30 1:54 I TOP 350.3 10.4
168 15:02 2:26 I TOP 192 5.46
169 15:51 3:15 I TOP 127.2 2.25
170 Background I BOTTOM (BG) 5.372 0.0475
171 12:49 0:13 I BOTTOM 0.499 0.0488
172 12:39 0:03 I BOTTOM 4.044 0.0495
173 12:58 0:22 I BOTTOM 0.404 0.0438
174 13:13 0:37 I BOTTOM 5.75 0.0434
175 13:26 0:50 I BOTTOM 0.373 0.0615
176 14:30 1:54 I BOTTOM 5.001 0.0727
177 15:02 2:26 I BOTTOM 0.604 0.0585
178 15:51 3:15 I BOTTOM 5.597 0.0479  
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179 Background J TOP (BG) 0 0.0503
180 12:50 0:14 J TOP 12.18 0.324
181 12:38 0:02 J TOP 3.946 0.044
182 12:59 0:23 J TOP 3540 97.2
183 13:08 0:32 J TOP 1246 33.5
184 13:21 0:45 J TOP 3790 116
185 13:36 1:00 J TOP 3284 113
186 14:22 1:46 J TOP 2664 129
187 14:50 2:14 J TOP 108.2 1.87
188 15:52 3:16 J TOP 4.159 1.15
189 Background J BOTTOM (BG) 0 0.0485
190 12:50 0:14 J BOTTOM 3.854 0.0457
191 12:38 0:02 J BOTTOM 0 0.0433
192 12:59 0:23 J BOTTOM 5.334 0.0749
193 13:08 0:32 J BOTTOM 33.02 1.06
194 13:21 0:45 J BOTTOM 37.06 1.19
195 13:36 1:00 J BOTTOM 66.42 2.19
196 14:22 1:46 J BOTTOM 46.18 1.74
197 14:50 2:14 J BOTTOM 0.656 0.059
198 15:52 3:16 J BOTTOM 4.444 0.0357
199 Background K TOP (BG) 0 0.0467
200 13:02 0:26 K TOP 0 0.0449
201 13:17 0:41 K TOP 0 0.046
202 13:30 0:54 K TOP 0 0.0422
203 14:07 1:31 K TOP 0 0.0417
204 14:33 1:57 K TOP 0 0.0652
205 15:05 2:29 K TOP 0 0.0419
206 15:03 2:27 K TOP 0.739 0.046
207 Background K BOTTOM (BG) 0 0.0461
208 13:01 0:25 K BOTTOM 3.41 0.0344
209 13:16 0:40 K BOTTOM 0 0.0448
210 13:30 0:54 K BOTTOM 0 0.034
211 14:07 1:31 K BOTTOM 0.478 0.0403
212 14:33 1:57 K BOTTOM 4.366 0.053
213 15:04 2:28 K BOTTOM 0.203 0.048
214 15:53 3:17 K BOTTOM 0 0.0394
215 Background L TOP (BG) 5.12 0.0468
216 13:03 0:27 L TOP 0.114 0.0396
217 13:15 0:39 L TOP 0 0.0441
218 13:27 0:51 L TOP 5.354 0.032
219 14:08 1:32 L TOP 5.239 0.0395
220 14:32 1:56 L TOP 5.196 0.0662
221 15:03 2:27 L TOP 0 0.0422
222 15:54 3:18 L TOP 0.49 0.0504
223 Background L BOTTOM (BG) 0.423 0.0446
224 13:03 0:27 L BOTTOM 6.203 0.0359
225 13:15 0:39 L BOTTOM 5.122 0.0432
226 13:27 0:51 L BOTTOM 0.961 0.0319
227 14:08 1:32 L BOTTOM 1.333 0.0494
228 14:31 1:55 L BOTTOM 0 0.0297
229 15:03 2:27 L BOTTOM 5.975 0.042
230 15:54 3:18 L BOTTOM 5.123 0.0481
231 Background N TOP (BG) 6.244 0.0474
232 12:51 0:15 N TOP 0.073 0.0433
233 13:00 0:24 N TOP 6.329 0.0422
234 13:09 0:33 N TOP 1.101 0.0422
235 13:22 0:46 N TOP 6.891 0.0524
236 13:37 1:01 N TOP 2.76 0.101
237 14:24 1:48 N TOP 6.154 0.0442
238 14:53 2:17 N TOP 6.67 0.0465
239 15:56 3:20 N TOP 0 0.0432
240 Background N BOTTOM (BG) 5.738 0.0426
241 12:51 0:15 N BOTTOM 0.881 0.0288
242 13:00 0:24 N BOTTOM 10.11 0.0579
243 13:09 0:33 N BOTTOM 26.38 0.0429
244 13:22 0:46 N BOTTOM 0.263 0.041
245 13:37 1:01 N BOTTOM 5.45 0.0478
246 14:24 1:48 N BOTTOM 1.443 0.0445
247 14:53 2:17 N BOTTOM 8.25 0.0436
248 15:55 3:19 N BOTTOM 0.408 0.0664  
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249 Background M BOTTOM (BG) 5.091 0.0478
250 13:03 0:27 M TOP 4.662 0.0605
251 13:16 0:40 M TOP 6.348 0.039
252 13:29 0:53 M TOP 0.205 0.0552
253 14:34 1:58 M TOP 0 0.0477
254 15:06 2:30 M TOP 0 0.0479
255 15:55 3:19 M TOP 5.937 0.0451
256 Background M TOP (BG) 0 0.0511
257 13:03 0:27 M BOTTOM 5.501 0.0819
258 13:16 0:40 M BOTTOM 0 0.0547
259 13:29 0:53 M BOTTOM 0.684 0.0344
260 14:34 1:58 M BOTTOM 0 0.0351
261 15:06 2:30 M BOTTOM 0 0.0929










(ppm) Ca (ppm) Fe (ppm) Al (ppm)
1 Trench 12:37 0:01 17.70 40.30 87.61 0.01 0.02
2 Trench 12:40 0:04 77.60 65.90 79.13 0.01 0.05
3 Trench 12:44 0:08 94.70 50.50 79.31 0.01 0.07
4 Trench 12:50 0:14 114.00 56.10 85.15 0.02 0.08
5 Trench 13:01 0:25 122.00 65.60 76.62 0.01 0.09
6 Trench 13:09 0:33 91.10 83.30 84.87 0.00 0.06
7 Trench 13:17 0:41 129.00 129.00 72.40 0.00 0.10
8 Trench 13:22 0:46 111.00 115.70 72.65 0.01 0.08
9 Trench 13:31 0:55 117.00 98.60 73.97 0.01 0.08
10 Trench 13:39 1:03 120.00 112.20 93.43 0.02 0.10
11 Trench 13:46 1:10 71.30 75.80 56.65 0.01 0.05
12 Trench 14:05 1:29 69.40 66.00 70.10 0.01 0.05
13 Trench 14:16 1:40 7.23 7.69 39.97 0.00 0.01
14 Trench 14:25 1:49 1.01 0.97 39.63 0.01 0.00
15 Trench 14:41 2:05 0.09 0.05 34.63 0.00 0.00
16 Trench 14:54 2:18 0.04 0.02 38.29 0.00 0.00
17 Trench 15:08 2:32 0.04 0.02 39.42 0.01 0.00
18 Trench 15:56 3:20 0.04 0.03 38.92 0.00 0.00
19 Creek Background 0.09 0.05 39.65 0.00 0.00
20 A Background 0.04 0.01 38.04 0.00 0.00
21 A 12:40 0:04 0.04 0.02 37.82 0.00 0.08
22 A 12:52 0:16 0.05 0.01 39.19 0.11 0.20
23 A 13:04 0:28 0.04 0.02 38.45 0.01 0.02
24 A 13:18 0:42 0.11 0.08 37.49 0.01 0.00
25 A 13:32 0:56 0.06 0.00 38.11 0.00 0.00
26 A 13:58 1:22 0.03 0.01 43.52 0.01 0.00
27 A 14:17 1:41 0.04 0.02 42.17 0.00 0.01
28 A 14:44 2:08 0.08 0.07 32.43 0.00 0.00
29 A Background 0.05 0.00 38.23 0.00 0.00
30 A 12:40 0:04 0.04 0.01 39.67 0.00 0.07
31 A 12:52 0:16 0.05 0.00 38.07 0.00 0.00
32 A 13:04 0:28 0.04 0.01 37.63 0.00 0.00
33 A 13:18 0:42 0.05 0.02 37.29 0.00 0.01
34 A 13:32 0:56 0.06 0.00 37.91 0.00 0.00
35 A 13:58 1:22 0.07 0.04 39.61 0.01 0.00
36 A 14:17 1:41 0.04 0.02 38.86 0.00 0.00
37 A 14:44 2:08 0.12 0.11 26.40 0.00 0.01
38 B Background 0.05 0.01 38.39 0.00 0.00
39 B 12:42 0:06 0.04 0.03 40.11 0.01 0.01
40 B 12:53 0:17 0.04 0.00 39.75 0.01 0.02
41 B 13:05 0:29 0.04 0.00 39.99 0.00 0.00
42 B 13:19 0:43 0.07 0.03 39.69 0.00 0.00
43 B 13:32 0:56 0.07 0.02 39.60 0.00 0.00
44 B 14:18 1:42 0.05 0.02 39.81 0.00 0.07
45 B 14:48 2:12 0.05 0.01 37.73 0.00 0.01
46 B 15:45 3:09 0.05 0.01 38.76 0.00 0.00
47 B Background 0.04 0.01 39.67 0.00 0.00
48 B 12:42 0:06 0.04 0.01 41.33 0.00 0.10
49 B 12:53 0:17 0.04 0.01 39.41 0.00 0.01
50 B 13:05 0:29 0.06 0.02 38.75 0.04 0.07
51 B 13:19 0:43 0.05 0.02 38.41 0.00 0.00
52 B 13:32 0:56 0.05 0.03 38.64 0.00 0.00
53 B 14:17 1:41 0.04 0.01 37.82 0.00 0.00
54 B 14:46 2:10 0.06 0.03 37.28 0.00 0.00
55 B 15:45 3:09 0.05 0.02 38.12 0.00 0.00
56 C Background 0.05 0.00 40.22 0.00 0.00
57 C 12:43 0:07 0.04 0.00 40.81 0.01 0.14
58 C 12:54 0:18 0.04 0.03 40.49 0.04 0.09
59 C 13:06 0:30 0.05 0.00 40.24 0.01 0.02
60 C 13:19 0:43 0.12 0.08 40.30 0.10 0.17
61 C 13:33 0:57 0.05 0.01 39.90 0.00 0.00
62 C 13:59 1:23 0.06 0.02 42.03 0.02 0.07
63 C 14:19 1:43 0.05 0.00 39.87 0.01 0.05
64 C 14:47 2:11 0.05 0.03 37.81 0.09 0.19
65 C 15:46 3:10 0.05 0.00 40.16 0.08 0.15
66 C Background 0.05 0.00 39.53 0.00 0.00
67 C 12:43 0:07 0.04 0.00 40.48 0.01 0.13
68 C 12:53 0:17 0.04 0.01 40.54 0.00 0.01
69 C 13:06 0:30 0.04 0.01 40.13 0.01 0.02
70 C 13:19 0:43 0.05 0.01 40.55 0.03 0.07
71 C 13:33 0:57 0.05 0.03 39.68 0.01 0.01
72 C 13:59 1:23 0.03 0.00 40.48 0.00 0.02
73 C 14:19 1:43 0.04 0.01 39.91 0.01 0.03
74 C 14:47 2:11 0.05 0.04 37.19 0.02 0.05
75 C 15:46 3:10 0.06 0.05 39.78 0.04 0.07  
 63 
 
76 D Backgound 0.05 0.02 39.71 0.00 0.01
77 D 12:44 0:08 0.03 0.01 40.75 0.00 0.02
78 D 12:54 0:18 50.50 54.90 83.01 0.07 0.09
79 D 13:07 0:31 50.30 56.50 76.13 0.09 0.14
80 D 13:20 0:44 106.00 89.20 99.57 0.07 0.06
81 D 13:35 0:59 106.00 98.40 111.64 0.13 0.18
82 D 14:00 1:24 114.00 95.30 97.05 0.08 0.06
83 D 14:21 1:45 39.20 38.15 74.92 0.06 0.11
84 D 14:29 1:53 9.25 20.30 80.18 0.07 0.13
85 D 15:47 3:11 3.15 6.69 76.03 0.08 0.14
86 D Backgound 0.05 0.01 38.52 0.01 0.01
87 D 12:43 0:07 0.03 0.01 41.31 0.00 0.02
88 D 12:54 0:18 0.84 0.79 39.01 0.01 0.02
89 D 13:07 0:31 0.13 0.08 38.98 0.00 0.01
90 D 13:20 0:44 11.30 28.37 94.08 0.02 0.02
91 D 13:35 0:59 4.07 10.02 83.04 0.01 0.00
92 D 14:00 1:24 16.80 37.64 88.95 0.02 0.01
93 D 14:21 1:45 1.18 1.06 40.23 0.00 0.02
94 D 14:49 2:13 0.46 0.42 36.93 0.00 0.00
95 D 15:47 3:11 0.13 0.09 25.27 0.00 0.00
96 E Backgound 0.05 0.00 38.92 0.00 0.01
97 E 12:45 0:09 0.05 0.05 39.92 0.00 0.00
98 E 12:55 0:19 0.05 0.03 40.15 0.01 0.02
99 E 13:10 0:34 0.05 0.03 40.27 0.00 0.01
100 E 13:23 0:47 0.05 0.01 40.37 0.00 0.00
101 E 14:26 1:50 0.04 0.00 39.64 0.00 0.00
102 E 14:56 2:20 0.05 0.01 38.82 0.01 0.01
103 E 15:48 3:12 0.05 0.01 40.49 0.00 0.01
104 E Backgound 0.05 0.00 39.29 0.01 0.02
105 E 12:44 0:08 0.05 0.01 39.25 0.06 0.13
106 E 12:55 0:19 0.06 0.01 39.66 0.17 0.34
107 E 13:10 0:34 0.05 0.02 39.89 0.37 0.71
108 E 13:23 0:47 0.05 0.03 39.52 0.01 0.01
109 E 14:26 1:50 0.04 0.00 39.44 0.00 0.00
110 E 14:56 2:20 0.06 0.02 38.30 0.02 0.04
111 E 15:48 3:12 0.11 0.07 39.66 0.03 0.06
112 F Backgound 0.13 - - - -
113 F 12:56 0:20 0.04 0.03 41.94 0.00 0.00
114 F 13:11 0:35 0.08 0.09 41.27 0.00 0.00
115 F 13:24 0:48 0.04 0.02 41.05 0.00 0.00
116 F 14:02 1:26 0.05 0.05 41.03 0.01 0.00
117 F 14:57 2:21 0.04 0.03 40.96 0.00 0.00
118 F 15:48 3:12 0.05 0.00 41.68 0.00 0.00
119 F Backgound 0.05 0.03 40.82 0.00 0.00
120 F 12:45 0:09 0.05 0.03 40.86 0.01 0.00
121 F 12:56 0:20 0.04 0.04 42.20 0.01 0.01
122 F 13:11 0:35 0.04 0.03 41.16 0.01 0.01
123 F 13:24 0:48 0.05 0.02 41.79 0.00 0.00
124 F 14:02 1:26 0.05 0.03 41.92 0.01 0.00
125 F 14:57 2:21 0.05 0.04 41.10 0.01 0.01
126 F 15:48 3:12 0.05 0.04 41.92 0.00 0.00
127 G Backgound 0.05 0.04 41.08 0.01 0.00
128 G 12:47 0:11 0.04 0.04 40.69 0.00 0.00
129 G 12:57 0:21 0.05 0.03 41.98 0.00 0.00
130 G 13:12 0:36 0.05 0.03 40.79 0.01 0.00
131 G 13:25 0:49 0.05 0.03 41.49 0.00 0.00
132 G 14:03 1:27 0.11 0.07 42.60 0.01 0.01
133 G 14:28 1:52 0.05 0.04 41.24 0.01 0.00
134 G 14:59 2:23 0.05 0.00 41.50 0.00 0.00
135 G 15:49 3:13 0.04 0.02 40.98 0.01 0.00
136 G Backgound 0.05 0.04 42.05 0.01 0.00
137 G 12:46 0:10 0.04 0.04 41.73 0.00 0.00
138 G 12:57 0:21 0.05 0.02 41.27 0.01 0.00
139 G 13:12 0:36 0.05 0.04 41.54 0.00 0.00
140 G 13:25 0:49 0.05 0.02 40.76 0.00 0.00
141 G 14:03 1:27 0.05 0.02 43.20 0.00 0.00
142 G 14:28 1:52 0.03 0.01 41.30 0.01 0.00
143 G 14:59 2:23 0.04 0.02 41.55 0.01 0.00






145 H Background 0.05 0.04 41.46 0.01 0.00
146 H 12:48 0:12 0.05 0.02 42.19 0.01 0.00
147 H 12:58 0:22 0.05 0.07 42.40 0.01 0.01
148 H 13:13 0:37 0.04 0.02 42.01 0.00 0.00
149 H 13:26 0:50 0.05 0.06 42.16 0.00 0.00
150 H 14:04 1:28 0.09 0.09 43.54 0.01 0.00
151 H 15:00 2:24 0.09 0.02 40.71 0.01 0.00
152 H 15:51 3:15 0.05 0.04 41.86 0.00 0.00
153 H Background 0.05 0.00 42.50 0.00 0.00
154 H 12:48 0:12 0.05 0.03 42.45 0.00 0.00
155 H 12:58 0:22 0.04 0.03 40.97 0.00 0.00
156 H 13:13 0:37 0.04 0.04 43.18 0.01 0.01
157 H 13:26 0:50 0.05 0.02 42.18 0.01 0.00
158 H 14:04 1:28 0.04 0.02 43.92 0.01 0.01
159 H 15:00 2:24 0.06 0.05 39.63 0.01 0.00
160 H 15:51 3:15 0.11 0.07 41.63 0.00 0.00
161 I Background 0.05 0.04 42.42 0.01 0.00
162 I 12:49 0:13 0.05 0.02 41.54 0.01 0.00
163 I 12:39 0:03 0.04 0.03 41.12 0.01 0.00
164 I 12:58 0:22 0.74 0.68 41.65 0.01 0.01
165 I 13:14 0:38 0.04 0.05 41.59 0.01 0.00
166 I 13:26 0:50 12.20 26.91 87.00 0.04 0.05
167 I 14:30 1:54 10.40 22.24 88.65 0.00 0.02
168 I 15:02 2:26 5.46 11.34 91.58 0.02 0.01
169 I 15:51 3:15 0.05 0.02 41.40 0.00 0.00
170 I Background 0.05 0.02 42.28 0.01 0.00
171 I 12:49 0:13 0.05 0.05 41.73 0.00 0.00
172 I 12:39 0:03 0.05 0.01 41.69 0.01 0.01
173 I 12:58 0:22 0.04 0.01 40.94 0.01 0.00
174 I 13:13 0:37 6.04 11.63 71.75 0.08 0.15
175 I 13:26 0:50 0.06 0.03 41.15 0.01 0.00
176 I 14:30 1:54 0.07 0.06 41.23 0.00 0.00
177 I 15:02 2:26 0.06 0.06 38.19 0.00 0.00
178 I 15:51 3:15 2.25 2.44 38.01 0.02 0.03
179 J Background 0.05 0.01 38.04 0.00 0.00
180 J 12:50 0:14 0.32 0.28 37.39 0.03 0.06
181 J 12:38 0:02 0.04 0.01 37.58 0.00 0.00
182 J 12:59 0:23 97.20 90.00 92.15 0.07 0.06
183 J 13:08 0:32 33.50 30.78 72.75 0.05 0.05
184 J 13:21 0:45 116.00 99.20 77.61 0.08 0.06
185 J 13:36 1:00 113.00 100.60 67.19 0.05 0.02
186 J 14:22 1:46 129.00 116.10 71.69 0.02 0.06
187 J 14:50 2:14 1.87 1.75 32.64 0.01 0.01
188 J 15:52 3:16 1.15 1.12 26.98 0.00 0.01
189 J Background 0.05 0.02 37.15 0.00 0.00
190 J 12:50 0:14 0.05 0.02 37.59 0.00 0.00
191 J 12:38 0:02 0.04 0.00 36.66 0.00 0.00
192 J 12:59 0:23 0.07 - - - -
193 J 13:08 0:32 1.06 0.95 38.49 0.00 0.00
194 J 13:21 0:45 1.19 1.10 37.50 0.00 0.00
195 J 13:36 1:00 2.19 3.08 59.91 0.01 0.02
196 J 14:22 1:46 1.74 1.57 37.03 0.00 0.00
197 J 14:50 2:14 0.06 0.03 34.59 0.00 0.00
198 J 15:52 3:16 0.04 0.01 30.58 0.00 0.00
199 K Background 0.05 0.00 41.82 0.00 0.00
200 K 13:02 0:26 0.04 0.02 42.88 0.01 0.00
201 K 13:17 0:41 0.05 0.01 41.68 0.00 0.00
202 K 13:30 0:54 0.04 0.04 40.91 0.01 0.00
203 K 14:07 1:31 0.04 0.04 43.37 0.00 0.00
204 K 14:33 1:57 0.07 0.06 41.50 0.01 0.00
205 K 15:05 2:29 0.04 0.00 42.23 0.01 0.00
206 K 15:03 2:27 0.05 0.02 41.86 0.01 0.00
207 K Background 0.05 0.06 41.88 0.01 0.01
208 K 13:01 0:25 0.03 0.04 41.69 0.01 0.00
209 K 13:16 0:40 0.04 0.02 42.62 0.00 0.00
210 K 13:30 0:54 0.03 0.00 41.76 0.01 0.01
211 K 14:07 1:31 0.04 0.03 42.83 0.00 0.00
212 K 14:33 1:57 0.05 0.04 41.85 0.01 0.01
213 K 15:04 2:28 0.05 0.00 40.55 0.00 0.00






215 L Background 0.05 0.01 42.18 0.01 0.01
216 L 13:03 0:27 0.04 0.03 41.25 0.00 0.00
217 L 13:15 0:39 0.04 0.05 40.77 0.01 0.00
218 L 13:27 0:51 0.03 0.04 40.81 0.01 0.01
219 L 14:08 1:32 0.04 0.03 43.00 0.00 0.01
220 L 14:32 1:56 0.07 0.04 40.60 0.01 0.00
221 L 15:03 2:27 0.04 0.01 41.51 0.00 0.00
222 L 15:54 3:18 0.05 0.05 39.19 0.00 0.00
223 L Background 0.04 0.00 41.00 0.01 0.01
224 L 13:03 0:27 0.04 0.05 42.04 0.01 0.02
225 L 13:15 0:39 0.04 0.06 41.64 0.01 0.01
226 L 13:27 0:51 0.03 0.02 40.61 0.01 0.01
227 L 14:08 1:32 0.05 0.01 43.63 0.00 0.00
228 L 14:31 1:55 0.03 0.03 41.71 0.01 0.01
229 L 15:03 2:27 0.04 0.02 40.81 0.00 0.00
230 L 15:54 3:18 0.05 0.03 40.90 0.02 0.03
231 N Background 0.05 0.03 71.75 0.16 0.26
232 N 12:51 0:15 0.04 0.06 64.40 0.01 0.01
233 N 13:00 0:24 0.04 0.04 66.33 0.01 0.00
234 N 13:09 0:33 0.04 0.08 69.79 0.01 0.00
235 N 13:22 0:46 0.05 0.02 66.22 0.02 0.03
236 N 13:37 1:01 0.10 0.06 69.68 0.02 0.01
237 N 14:24 1:48 0.04 0.02 75.67 0.01 0.01
238 N 14:53 2:17 0.05 0.06 62.25 0.00 0.00
239 N 15:56 3:20 0.04 0.05 49.99 0.00 0.01
240 N Background 0.04 0.05 67.66 0.06 0.11
241 N 12:51 0:15 0.03 0.03 68.47 0.05 0.07
242 N 13:00 0:24 0.06 0.04 69.44 0.12 0.28
243 N 13:09 0:33 0.04 0.07 73.04 0.10 0.23
244 N 13:22 0:46 0.04 0.05 76.45 0.12 0.24
245 N 13:37 1:01 0.05 0.02 78.26 0.02 0.02
246 N 14:24 1:48 0.04 0.03 72.53 0.04 0.09
247 N 14:53 2:17 0.04 0.12 55.96 0.01 0.00
248 N 15:55 3:19 0.07 0.04 53.90 0.01 0.00
249 M Background 0.05 0.00 39.46 0.00 0.00
250 M 13:03 0:27 0.06 0.01 41.29 0.01 0.00
251 M 13:16 0:40 0.04 0.06 41.04 0.01 0.02
252 M 13:29 0:53 0.06 0.02 40.53 0.01 0.00
253 M 14:34 1:58 0.04 0.03 40.28 0.02 0.01
254 M 15:06 2:30 0.05 0.06 39.57 0.01 0.00
255 M 15:55 3:19 0.05 0.04 39.66 0.00 0.00
256 M Background 0.05 0.04 40.01 0.00 0.00
257 M 13:03 0:27 0.08 0.03 40.60 0.00 0.00
258 M 13:16 0:40 0.05 0.02 40.38 0.01 0.00
259 M 13:29 0:53 0.03 0.01 64.06 0.01 0.01
260 M 14:34 1:58 0.05 0.04 68.95 0.01 0.00
261 M 15:06 2:30 0.09 0.01 66.04 0.00 0.00




















1 1 0 1.3 1.168 0 0.05256 -17.52
2 1 0 1.1 0.4642 0 0.020889 -6.963
3 1 0 1.3 0.3532 0 0.015894 -5.298
4 1 0 0.1 0.1003 0 0.004514
5 1 1 1.2 1.22 0.039 0.0549 -5.3
6 1 1 1 1.214 0.039 0.05463 -5.21
7 1 1 0.7 1.264 0.039 0.05688 -5.96
8 1 1 1.1 0.884 0.039 0.03978
9 1 5 1.2 2.915 0.0207 0.131175 -36.825
10 1 5 1.8 2.964 0.0207 0.13338 -37.56
11 1 5 2.1 3.529 0.0207 0.158805 -46.035
12 1 5 5 4.617 0.0207 0.207765
13 1 10 9.4 7.12 0.448 0.3204 42.533333
14 1 10 8.1 8.04 0.448 0.3618 28.733333
15 1 10 7.7 7.79 0.448 0.35055 32.483333
16 1 10 9.8 9.97 0.448 0.44865
17 1 25 22.8 20.99 1.108 0.94455 54.483333
18 1 25 22.8 21.2 1.108 0.954 51.333333
19 1 25 22.6 20.45 1.108 0.92025 62.583333
20 1 25 27 24.64 1.108 1.1088
21 1 50 42.5 45.01 2.277 2.02545 83.85
22 1 50 39.7 45.32 2.277 2.0394 79.2
23 1 50 48.4 45.36 2.277 2.0412 78.6
24 1 50 53.5 50.6 2.277 2.277
25 1 100 102.8 93.2 4.49 4.194 98.666667
26 1 100 98.6 92.8 4.49 4.176 104.66667
27 1 100 101.4 94.6 4.49 4.257 77.666667
28 1 100 110.7 99.8 4.49 4.491
29 1 200 203.9 189.1 9.0495 8.5095 180
30 1 200 208 192.5 9.0495 8.6625 129
31 1 200 197.3 189 9.0495 8.505 181.5
32 1 200 210.2 201.1 9.0495 9.0495
33 1 400 408.7 392.1 18.212 17.6445 189.16667
34 1 400 422.2 381.9 18.212 17.1855 342.16667
35 1 400 413.4 398.9 18.212 17.9505 87.166667
36 1 400 434.5 404.7 18.212 18.2115
37 1 800 854 806 36.667 36.27 132.33333
38 1 800 839 793 36.667 35.685 327.33333
39 1 800 844 798 36.667 35.91 252.33333














Laboratory Flow-Through Experiment Data 
















0 0 0.1 0.09 1.65
0 0 0.1 0.05 1.77
0 0 0.2 0.06 1.47
0 0 0.1 0.12 1.37
0 0 0.1 0.09 1.76
0 0 0.1 0.05 1.36
1 1 0.7 0.66 0.52
1 1 0.7 0.71 0.49
1 1 0.8 0.78 0.6
8 1 0.9 0.77 0.39
9 1 1.0 0.89 0.42
10 1 1.0 0.89 0.37
14 1 1.0 0.90 0.37
14 1 1.0 0.84 0.39
15 1 1.0 0.97 0.32
28 1 1.0 0.85 0.39
29 1 1.0 0.92 0.31
30 1 1.1 0.97 0.3
48 1 1.0 0.88 0.29
49 1 1.1 0.93 0.23
50 1 1.1 0.87 0.24
78 1 1.0 0.77 0.24
79 1 1.0 0.86 0.19
80 1 1.1 0.87 0.2
108 1 1.0 0.85 0.21
109 1 1.0 0.86 0.19
110 1 1.0 0.87 0.18
138 1 1.0 0.78 0.18
139 1 1.0 0.80 0.15
140 1 1.1 0.73 0.16
1 2 1.6 1.53 0.79
1 2 1.9 1.63 0.77
3 2 1.4 1.30 0.94
6 2 2.0 1.91 0.85
6 2 2.0 1.92 0.63
7 2 2.1 1.90 0.76
11 2 2.1 2.01 0.56
12 2 2.1 1.96 0.78
12 2 2.1 2.02 0.65
24 2 2.0 1.69 0.39
25 2 2.1 2.09 0.47
26 2 2.1 1.99 0.48
45 2 2.0 1.91 0.29
46 2 2.1 1.93 0.37
47 2 2.1 1.84 0.29
74 2 2.1 1.90 0.24
75 2 2.1 1.86 0.24
76 2 2.1 1.90 0.21
104 2 2.1 1.90 0.22
105 2 2.1 1.86 0.23
106 2 2.1 1.91 0.17
134 2 2.1 1.91 0.2
135 2 2.1 1.91 0.18

















0:00 0 3.9 0.1
0:00 0 4.0 0.2
0:00 0 2.7 0.1
0:00 0 4.2 0.1
0:00 0 4.9 0.1
0:00 0 4.0 0.1
0:00 1.1 1.9 0.2
0:00 0.9 1.0 0.3
0:00 0.8 1.0 0.2
0:15 1.1 0.8 0.2
0:15 0.9 0.8 0.3
0:17 0.8 0.7 0.2
0:30 1.1 0.7 0.2
0:30 0.9 0.7 0.3
0:32 0.8 0.6 0.3
0:45 1.1 0.7 0.3
0:45 0.9 0.7 0.4
0:47 0.8 0.6 0.3
1:01 1.1 0.7 0.3
1:01 0.9 0.7 0.5
1:02 0.8 0.6 0.4
1:19 1.1 0.7 0.5
1:19 0.9 0.7 0.3
1:17 0.8 0.6 0.4
1:31 0.8 0.7 0.5
1:34 1.1 0.7 0.4
1:34 0.9 0.7 0.5
2:03 0.8 0.7 0.5
2:04 1.1 0.6 0.4
2:04 0.9 0.8 0.5
2:35 1.1 0.6 0.4
2:35 0.9 0.7 0.6
2:33 0.8 0.7 0.6
3:05 1.1 0.5 0.4
3:05 0.9 0.7 0.6
3:05 0.8 0.7 0.6
3:35 1.1 0.5 0.5
3:35 0.9 0.7 0.7
3:38 0.8 0.6 0.6
4:05 1.1 0.5 0.5
4:05 0.9 0.7 0.7
4:08 0.8 0.7 0.7
4:35 1.1 0.5 0.5
4:35 0.9 0.8 0.8
4:38 0.8 0.6 0.7
5:05 1.1 0.5 0.5
5:05 0.9 0.7 0.7
5:08 0.8 0.7 0.7
5:35 1.1 0.5 0.5
5:35 0.9 0.7 0.8
5:38 0.8 0.6 0.7
6:05 1.1 0.5 0.5
6:05 0.9 0.7 0.8




6:35 1.1 0.5 0.6
6:35 0.9 0.7 0.8
6:38 0.8 0.6 0.8
7:05 1.1 0.5 0.6
7:05 0.9 0.7 0.8
7:08 0.8 0.6 0.7
7:35 1.1 0.5 0.6
7:35 0.9 0.7 0.9
7:38 0.8 0.6 0.7
8:05 1.1 0.5 0.6
8:05 0.9 0.6 0.8
8:08 0.8 0.6 0.7
0:00 1.6 1.3 0.5
0:00 1.6 1.4 0.3
0:00 1.5 1.0 0.4
0:15 1.5 0.9 0.5
0:12 1.6 0.9 0.3
0:17 1.6 0.8 0.4
0:27 1.6 0.8 0.4
0:30 1.5 0.9 0.6
0:32 1.6 0.7 0.4
0:42 1.6 0.8 0.5
0:45 1.5 0.8 0.7
0:47 1.6 0.7 0.5
0:57 1.6 0.9 0.7
1:00 1.5 0.9 0.8
1:02 1.6 0.8 0.6
1:12 1.6 0.9 0.8
1:15 1.5 0.9 0.9
1:17 1.6 0.8 0.7
1:26 1.6 0.9 0.8
1:29 1.5 0.9 1.0
1:31 1.6 0.8 0.7
1:58 1.6 1.0 1.1
2:01 1.5 0.9 1.0
2:03 1.6 0.9 1.0
2:28 1.6 1.1 1.3
2:31 1.5 0.9 1.1
2:33 1.6 0.9 1.2
3:00 1.6 1.0 1.4
3:03 1.5 0.9 1.2
3:05 1.6 0.9 1.3
3:33 1.6 1.0 1.4
3:36 1.5 0.9 1.2
3:38 1.6 0.9 1.3
4:03 1.6 1.0 1.4
4:06 1.5 0.9 1.3
4:08 1.6 0.9 1.3
4:33 1.6 1.0 1.4
4:36 1.5 0.9 1.3
4:38 1.6 0.9 1.4
5:03 1.6 1.0 1.5
5:06 1.5 0.9 1.4
5:08 1.6 0.8 1.4
5:33 1.6 1.0 1.5
5:36 1.5 0.9 1.4
5:38 1.6 0.8 1.4
6:03 1.6 0.9 1.5
6:06 1.5 0.9 1.4
6:08 1.6 0.8 1.4
6:33 1.6 0.9 1.5
6:36 1.5 0.9 1.4
6:38 1.6 0.8 1.5
7:03 1.6 0.9 1.6
7:06 1.5 0.8 1.4
7:08 1.6 0.8 1.5
7:33 1.6 0.9 1.6
7:36 1.5 0.8 1.5
7:38 1.6 0.8 1.5
8:03 1.6 0.8 1.6
8:06 1.5 0.8 1.4
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Scope and Method of Study: The primary transport mechanism for phosphorus (P) 
movement from upland areas to surface water systems is typically surface runoff, 
with subsurface transport assumed negligible.  However, certain local conditions 
can lead to an environment where subsurface transport may be significant.  The 
objective of this research was to determine the importance of subsurface transport 
of P along streams characterized by cherty or gravel subsoils.  At a field site 
adjacent to the Baron Fork Creek, a trench was installed with the bottom of the 
trench at topsoil/alluvial gravel interface.  Fifteen piezometers were installed at 
various locations surrounding the trench in order to monitor flow and transport.  
In three separate experiments, water was pumped into the trench from the Baron 
Fork Creek to maintain a constant head. At the same ti e, a conservative tracer 
(Rhodamine WT) and/or potassium phosphate were injected into the trench at 
concentrations ranging between 3 and 100 ppm for Rhdamine WT and at 100 
ppm for P.  Laboratory flow cell experiments were also conducted to determine 
the effect that flow velocity had on P sorption. 
 
Findings and Conclusions:  Rhodamine WT and P were d t cted in some piezometers at 
equivalent concentrations as measured in the trench, suggesting the presence of 
preferential flow pathways.  Phosphorus sorption was minimal (R = 1, where R is 
the retardation coefficient) along the preferential flow pathways but transport was 
retarded in non-preferential flow paths (R > 5 to 6). The effect that flow velocity 
has on P sorption was tested in the laboratory using flow through cells.  Results 
suggested that velocity did have an effect on P sorption of the alluvial subsoil.  
The potential for nutrient transport shown by this alluvial system has implications 
regarding alternative management of similar riparian floodplain systems.   
 
 
 
 
 
 
